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Safety and Environmental Aspects of fusion Reactors 

John P. Koldren 
Laurence Livermore laboratory 
and 

University of California, Berkeley 
Abst ract 

Fusion is examined against the yardstick of fission technology 
with respect to inventories of radioactivity {and associated Biological 
Hazard Potentials) > routine emissions * accident pathways and consenuences, 
radloactl ve-waste management, and misuse of nuclear materials. Basvd on 
conceptual designs of Tokamak fusion reactors with stainless steel 
structure and tritium inventories of 10 kg per thermal gigawatt, the 
apparent advantage of fusion Is 1 to 2 orders of magnitude in most indices 
of radiological hazards. Fusion's advantage is 2 to 5 orders of magnitude 
In comparing damage potential of Intentional airborne dispersal of tritium 
and plutonium, but nonexistent in comparing medium- term radwaste hazard 
potential ( 1 000 to 100,000 years) and intentional waterborne dispersal of 
tritium and plutonium. Fusion appears to have some qualitative advantages 
with respect to accident pathways 3nd safeguards considerations, fusion 
has the theoretical potential for improvements of 1 to 2 additional orders 
of magnitude in short-term BMPs and 3 orders of magnitude and more in 
radwaste BHPs after 10 years If vanadi um-titani um alloy con be used in 
place of stainless steel in the reactor structure. Other important 
unresolved questions are how much the inventory of tritium can be reduced 
by Ingenious design, and what fraction of a fusion reactor's activation 
products could be volatil -zed and released in a severe accident such as 
a lithium fire. Overall, fusion's potential advantages are appreciable 
but not automat1c--1t will require early and sustained attention to 
environmental characteristics to avoid losing some of the potential 
advantages in pursuit of other goals. 


Work performed in part under the auspices of the Ik 5. Energy Research and 
Development Administration under Contract No. W-74D^-Eng-4f). 
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John P. Holdren 
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1 ntroduc tlon 

The traditional rationale for developing fusion a s an energy source has 
been that it will be inexhaustible, cheap, clean, and safe. On any interest- 
ing ‘Jme scale, however, sunlight and fission breeder reactors are also “in- 
exhaustible" energy sources, furthermore, the high construction costs of 
fusion reactors probably will more than offset the cheapness of the fuel: it 
now seems unlikely that fusion w*ll be cheaper than fission and it may not be 
cheaper th«n solar. Thus the case for fusion rests < more strongly than is 
cornnonly supposed, upon whether it enjoys real advantages over competing 
energy sources with respect to environment and safety. This paper examines 
fusion's environmental and Safety characteristics against the more familiar 
yardstick of those of fission (1). fusion’s early stage of technological 
development makes such on evaluation difficult, hut the attempt is worthwhile 
because there is still time to steer fusion-reactor design in the direction 
nf minimizing potential hazards that are uncovered. 

Environmental and safety characteristics of conceptual fusion-reactor 
designs have been surveyed in a number of earlier reviews (for example, 2-7). 
Both fusion technology and environmental assessment are rapldi g fields, 

however, which makes frequent re-examination of th- .e of irnurnotion on 
environmental aspects o* ’ niiile. This review has benefited from 

better information on neutron activation in fusion- rear tor blankets than was 
available earlier, from estimates of tritium Inventories that are probably 



i, tore realistic tnan earlier values, from the general continuing Increase in 
reaffsm and sophistication evident in concept*/*? fusion- reactor designs under 
development around the world, and from recent work In fission-reactor safety 
analysis (such as the Reactor Safety Study of the U.S, Nuclear Regulatory 
Coimlss ion) . 

Environmental effects, broadly defined, originate in many stages of the 
fuel cycles of modern energy supply (for example, exploration, extraction, 
processing, transportation, conversion, and end use); they take many forms 
(for example, routine effluents, accidents, other environmental transformations, 
resource consumption, and social disruptions); and the damages are felt by a 
variety of kinds of 'Ictfms in a variety of ways (for a™>Ie, orcowAt1nn.il 
death* *nd disease, direct health damage to members of the public now alive 
and in future generations, damage to economic goods and services Such as build* 
ings dnd tourism, damage to environmental goods and services such as climate 
regulation and nutrient cycling, and generation of aggravations and tensions 
within and between nations) (8). 1 will confine my attention here, however, to 

a narrower subset of environmental issues - namely, those issues that are generic 
to nuclear energy sources and that are the subject of dose scrutiny and often 
controversy today In the case of nuclear fission power* These are: (a) occupa- 
tional and public radiation exposure as a consequence of the routine operation 
of nuclear fuel cycles (excluding storage or disposal of long-lived radioactive 
wastes); (b) nonroutine releases of radioactivity from reactors or other fuel- 
cycle facilities owing to accidents or sabotage (but again excluding long-term 
waste management); (c) the problem of the long-lived radioactive wastes; and 
(d) the use of nuclear materials produced in commercial facilities for weapons, 
by nations or subnational groups. (The numbering is not mcjM to imply an order 
of importance). Information on some of the environmental issues l wil* not 



consider here - such as land disturbance In fuel ex trait ion, thermal discharges* 
and demands on nonfuel minerals - is available in several earlier reviews (o.g., 

2, 6 i 9). 

The present review is based mainly on the D-T fusion fu.-»l cycle using 
magnetic confinement. Sone but not all of the results are specific to Tokamaks, 
on which the most extensive conceptual-design literature happens to be available. 

A few connents about advanced fusion fuel cycles are made at the end. 

Radi oa c t iy_e Inventories a_n_d Ha z a_rd_ P otent ials 

The first step in evaluating hazards from either routine or nonroutine 
releases of radioactivity Is to determine how much and what kinds of radioactivity 
the System In question contains. Table 1 compares the inventories in megacuries 
per gigawatt-electric (Gke) of capacity in Liquid Hetal Fast Breeder fleictors 
\LMF(JR) and in two conceptual Controlled Thermonuclear Reactors {CTRj. All the 
reactors are assumed to have a thermal -to-electrlc conversion efficiency of 
40 percent, so \ GUe corresponds to 2,5 gigawatts-thermal \GWt). The CTRs are 
liquid-lithium cooled Tokamaks identical except for the structural materials 
exposed to neutrons: one uses 316 stainless steel (31655); the other uses an 
alloy of 84* (atomic) vanadium and titanium (V-Ti). The specific CTR design 
is the University of Wisconsin Tokamek utftAK-i (10). The IMFBR is a scjlr-up of 

tne German-lie I qian-Uotch 5NR-JOO (Hj, 

The major components of the CTR tritium inventory are (a) the tritium 
injection, collection, and purification systems (3 kq T per GWt); !b) the breed- 
ing medium and separation unit (1 kg/GWt)i and (c. ) storage and emergency inventory 
(6 kg/GWl), for a total of 10 kq or 100 megacuries per Gwt. This is a somewhat 
larger figure than these cited in nest earlier work; \t arises from assuming 
5. burn-up o f T oer pass through tnc plasma, a hold-uO tunc of 1 day in the 



tritium circuit, and a reserve of 2 days' Supply of T to kect* the feat tor 
running during repairs on the fuel handling system, About '4 percent of the 
initial activation in the 316 SS CTR blanket {2 year operation at l.?6 HSd/m 7 
neutron vail loading) is in five isotopes: ?7 ,8 day Cr-61 (?60 Mt 1 ) , 103 day 
Kn-64 (ua KC 4 > , 2. SB nour Wn-66 (880 MC U , 2,0 year fe-S6 (4rtft Kti J * and 
71.) day Co*68 (?26 MCl), The initial actuation tn the V - T 4 blanket (sarv: 
loading as for 316 55) is iroslly 3,76 mingle V*6? (2565 MCi)< S R minute 
Ti-61 (198 MCI) and 1.83 day 5c -48 (96 MCI). The coolant actuation figures 

arc fo*- liquid lithium anl arise from impurities (principally M r Cl. **o t and 
*.) and corrosion products* 

The fusion product activity in an t.KP&R is distributed among a targe 
array of Isotopes; among the volatile ones (cor*paraMc in sore sense to 
tritium) * the iodines dominate (666 HCi in 1*131 through 1-146). Nearly 
Hf) percent of the initial Structural Actuation is Mn-54 ftH KMj 4 Mn - S6 
(22 MCi) anc< tiu-Sfi (38 HCi), Thr cnoUnt a<livat ! on is 16 hour Ht*?'' (10R 
HCi) and ?.6 year Na-?4 (1 MCI). The Initial actinide activity Is dominated 
by ?} minute U*239 and ?.4 day Rp-> 19 f 1 760 Hf.i r,u r- *h ** Ogni*st 1 i»>wir 

contributor Ct JO days is Pu-?0i (U Xi). 

The comparisons in J^hle l are <or**whai <isiurte»i tr nf fission, 

6/ virtue 0 r the neg!°tt of Invrnlr ries of radioactive furls in parts of the 
fuel cycle other than the reactor itself. The plutonium activity in on l Mf FlA 
fuel cycle outside the reactor is about 16 percent of whit H in the ^4. tor 
HP), tritiu*, by contrasty is recycled **lhin the fusion reactor plant and 
the inventory shown in Table 1 includes the contents of this internal cy<1e* 

A better tras u^e of hazard than radioactivity in curies ts the Biological 
H«t/jrri Potential (BMP * obtained py d: tiding the inventory if an l sot opr by 
Ms K. Pemisstble Concentration 1HPC ) rjr tfM.wer.ilMl f.nni fUt ration 


* U >\ and v^nr-inn over jU Hotopes present* Mit* MPf in uf*»»s per 
OJIlU xvtvt 0* JH Of water, the fe^wUing ftHP n*{;rp\fhtv the Vol« v .’* # «t I r 
or Wtor that would hr needed to it I lute the inventory to the ;^er« •, ifr'e levrl 
Table / shows the for d Motion *r Air in unrestricted iriM',. t< orrespohdi ng 

to the inventories fit radioactivity in the iHSHO and In T* p »M #*Ti lTR\ r 

The uVt’d to <V* ivf these nj-^r Are those in ferte **> t*e . ti i 

States At the of l 4 ?/ 1 * Ml*. #hrn values f or soluble and insoluMo ferrrs <?f 
jr> isotope the lower W 1T. * giving the higher $WP * ha*. I'Oi-n used here 

This vide), used procedure t* m \y distort certain i nf'tiar 1 *.ons lor thr 

U^f soluble plutoni^r and «>thr* alpha fitters are generally "u< h 1«wrt*r 
tn^fi for Insoluble forhr. , t»ut these rlcr/nU eivst in rea< tars as highly \n~ 
soluble oMde". , if the, ri-rvi m th that f nrt* under an 1 dent conditions. then *sc 
of the NFC », hjr ! he tel able fr>M*i tn BMP k a 1 c ul d t i Phv overstates the 1 nr*t r 1 hot 1 pn 
of the astlMdes 1 1 * the aitimdrs th the i »i 1 t wl at < *.'fl in Table . were J 1 1 

a s Vjnr<J insoluble* their s oht * U»ut U P t;* the EfftP «>ogl<! fall frarr \ \ /»tVS rlUftgn 
to 1/UO "HI ton ] >i the Mher hand, tor MP< 'or the soluble for* IS 

rip late to that f ^1 r t of the rr 1 1 re - *ue 1 t >0«' *. plutoMw* invert pry that 
iV Morn) a \ tNr Dt rate 

The MIX used to vrr^M> thr $*MP n? tr*tiwn \n T 4 t.lt* \\ * tsr Initiated 

water (ilTO xjr l^Ql. A value .’HO t ot\ lew thjn that ‘ * Trifle* <}a\ (mT or 

’ ,J To the '••trht that an, of the T •' ' Y i j** \ eyre l i>r, ’s ;.»VMi«r, If iMu" 4^1 

► 

*|>)ht rriyln %./ ^pip release, t r ^r * ;urr le •'able f o*er’»tateV the ha*4rj 

A *, itpi t f it <|M V'^ r t ol » r leased in rp«t 1 fh* ojw’t' a t lo"S *rtl t'e 

trlUyi J»V. , ***d the c har t n ft t H tier for oaidatlOh m The rhOicwent is 
very lon<; - »t iv on the rjrdrr ;<* da>v - r*rr. tr, thi* pfevrher n* tafaly^tv 
Thr laf-jevt >* rn ) hr j' T V ' fia» 4 d # 4** ; rpt>a?'l f 4 -r »hv'lv l Pd '* * r '• . 



tn such 4 c4Sc« It is 1 1 k r l )r trul ff**sh of the tritium rr1c4srd »ovld be ^ 
the onidc tom. 

With the foregoing jurji;, one can tuntludr tri>l4t1vely free* Tapir 7 
that the reUl! ve hazard represented by the trtttuifs ihientory In the <.or*cptu4l 
tvIRs is 4 Pout three orders of tsignlludr *.fyUrf than th*t reprvsented by the 
fission products I r? iHfBBs uf !ne sjrnr generating and that the 

jcttvjtion products in the ClKs represent 4 restive hazard one to tfc*o orders 
of rjgMlud* ioyllrr than that represented by the astlnldrs In the 
\A^liVdllon In the V-Ti L IS Is apprn * | n^te l / ar or>>» gn i V-.-W less thir 

that in a16S^ CIS and ccxnpar:'., *r tu activation in the l ft? ' 

Radiation iipuiufe fra^ r vuttnc Operations 

The principal radioactive substance that util be released r^tuw 

operation of fusion pinarr plants \% Iri'J.r Its * fc ns i frrat 1r • n »n\tor> . < r«s ■ 
blued with a propensity to diffuse threse jh *e«-Sjm '■rials and IV , If; 

zf separating *rcm OK Ji*vjr f vatrr, ;<i»in r n* - r «♦•;!* p t I <■ j.r-ri l 

for fuS Ion- rc-K tor designers 

Iritit^ *\jy enter the body through inAaTaiim, s hfov;* '•< 1 - r a! scry » 'or., 
ind through ingestion i n food arrl Mater It is r^r.- ' t »<■ 1 i 4 ; 4 ^ internal 

filter. Since its soft beta radiation , \ f* «c» v-a *•■■*/>» * # irrMyr . ae«%it 
penetrate the dead ta/cr of the si In * 4 lues fo-^n^ ir* the 1 ilfr^Urr ‘or ».v 
•no lv body dose c»xllntrit resulting fri^r tMatr c* 4 * '• b' ; ^ as ? v 

OH dr Vary frgr lj to #'b0 rx-c t i*N t the higher «aT^e \ * ? I « c» f r v?* jv. f"p! '•v* 1 '* 
no* regarded 4V mappropr 1 4 tr (1«J * /easunablr .,Vje, f ased cr *a*V.r 

vifj of 1*0, b 1 o logical half- life In h v*'U n o - 1 la*s. jr-d a r * 

set rest Ion of 70- *or binding o* ? in . ijn *- - *>>£s *n V-v, f r, » ■, * • <pb 

r curie <!V. iljsed on tMs ^ 1 r, the u* eh? r iV.‘n * ‘ “ ? O' t ^ i-* ’**4 f . 'ear 
to an adult c<pOSv«re via Inhalation jrv ♦ *,i w #; sceptic* :* 4 .*' «ie^f: »f is j A* 



!V **\ 4 ■*. Ufc 1 * U *,r»J Lff. ’ 1 i*> * V jr.Q* » or*. , *f,r v ch- 
U i3f^fiiih<j i»jlrr ^Kat wo\*ld Irad lo 4* < ! <**f^\urc o* rrc **?. #r 

vti ir.^p'.Ucri 1 % jbOwl 1 ! ,^00 r U/®\ (if * IJ^ri * fc 

Tsrfr 4 nr 1 *cj «*i tf. ' b* »M^. * r i ‘ t v~ 1* 4 rr*< i .cf 

lc4* Tv ’ he k* h # s r vnn** #i l ^Mr-ij \ o£**f4t*OA * Sc ^ * f v ! i ; \f*jp 

he 4 f rn t<*Io \Ccat: :/*.^, iM^ !^KM *, if) f ' ' * fc \*S£, 

.he ^gt*£/*4i^cf ( ooU^t i*-4 T *m *. IMo ' v hr ett* * rgfvr*r*t . j ** 1 1 fj^ld «T*. A*. ♦. ^ ; 

all *f»e rrt*cli*i he* 1 . 'rrjrr 4 1 *> '*4ll ^wV^Ch ;^*c r? 1 4i>‘ 4^ ’ p . . 7 : *>j ! 

^i< !^r *r< ! Vj. rf f |< 4<*r^ ^ •. t i r r t rj <? r * Ch c-**fr>* ;* .^^VO* 1 nj'.r^ 

f. 

\ - * * 1 ■. <- d VJ 4c-;rrc\ >• '^p 4h**4l * *t ^*?**.>^* >j* •■ 4 ■ c r ’ * * '0 *M ‘:rtrf *. 

I? tSr r rr yM \ t t-y.k ' ' * *. "f-,4* \ h e “ * ‘j t ^c*. 7 * \ f 4 t ' <-S "■:•*** W r 4 c* 
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The second pathway for \ri\ Iua ape i\ jlMjvicn thresh !he UMog; 
conta inacnt-i/lt*?. bound* ries, eventually to r sc ape Into !he air a *«*#*£ t^r 
plant as HT or gaseous rt !0 Ihis pathway TfWfilly has bern regjrded as p*ur^ 
to control, and the resulting i^»Uior^ predicted to te seller Approai. re c 
used Include separating hot T inventor lev frr/r cold o^’, irsl r** ing ni'r; 
design effort to nifttnll* the furrvr, surround 1 m; no! T 4rrj*i wi;*' *oH r r tat 
« <i 1 1 ) i and employing copper, jl^irvji?, or rrr*r.t< as Ji fasten 

O. t?„ Wl the ® 0 St promts tnq wa< to r\lnt p M;t the but tritiw* inventor * 
seen* to be breeds no m solid HlM-jt* . orpe'ind*. in j f.<Jr<: jilaniri 

rfilh this approach, inventor ln-„ in Manlrt and i aula* I U'vnbinc-ON r. lew 41 
C7&We have been said to bn possible (l r 0. 

The tritium inventory ru\l difficult tn reduce *.rr^. net to l* ! K «* invmtorr 
m the breeding medium, however. Out rather the ir.ve’tlor, .isv<u 1 >•**?! «1 tr fr* p( T - 
ing tritiur that has been injected >s fuel bgt e*,i apes Irvr* the reaction rejlon 
without burninq* The lower the frac tinnal horhup per pass, the i®rr severe 
this ,. rtblcn. (timely the reserve to permit <c<ncmurd operation if the (ytling 
V yS ten ':>r unburned tritium Mr functions ffi^st be 4 taut l 4 • liWf 'i-ries pr* 
f j‘at-day, where f is the fractional Lurnup pr r pass j A tritium handling \yilrn 
for a mirror fusion reactor has been described with 4 design inventory of / • I* 1 * 
Ci/Gtfc for the entire plant, but no reserve for rval functions is included in that 
figure 120 ). 

in addition to releases from the plant, routine eiposure of wor*e*s Inside 
the fusion plant to tritiun is aK& a potential concern. The occupational *K 
for HTO in air is S ,.tt/ih\ and IKS. IWDA guidelines for using levels o! 

?Ul HPt as design guidelines. It Is not clear whether tMs guide line can Jw 
r ‘-et ih .1 C Ift| If it cannot, wording Shafts rw»y have to be restricted to less 
than 40 hours per ^?ek or protective suits (to prevent sHa absorption) ana 
rsisfcs may nave to be used ( 7 fl), 
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*» 1 ht r Ihr ij[i)n t *> 1 ' >n L‘ * r i#sl(7rs tv t« *>jrr\«**.s Tfir 14-^r‘n 1 on rw'u! 

for rirrrtfing jnO ihrr^o* rnrrt^ t t»nvrr\ I on * tht»rr is strong in<.fntivT 

to i*vi.|pr pf nrglrpns ^ rgrr t^»r !>ljntrt rrqior It is also ^ssi fc ntial 

1 1> t !hr Vuprrs onjgi, t 1 n<i tvnjorts f rrr^ nrutron Mmos. V^rthrlrs*, t 

tnr fji'nat pv f, rl f at t ntj jhimi'T ! N 1 • o ,ion ^utiui'V anj 

l0/»- rtM« tur tPtrrion k 1 1 ^ Mkr < or^lrir shtrKlIOtJ <Jiffnult in tho K'm-tltato 
•Ufii li^r rrac Inr s u f«^ irM \hiold^n«) tan tv^ MV ofporAt^ into “*se r vastOf 
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building Itself to reduce the neutron dose outside lo any desired level, however. 
Thus neutron exposure wtU he an occupational hajard, but presumably not a public 
one. 

Kagnets for typical Tofcanak reactors would produce fields that extend far 
beyond the reactor — 500 meters to drop to 1 gauss in UkrtAK-1, for example (10). 
Prolonged exposure of fusion workers to magnetic fields of some tens of gauss 
is to be expected and brief exposures to much higher fields are possible. The 
physiological consequences of prolonged exposure of humans to strong magnetic 
fields are not known. At exposures that will be encountered routinely in fusion, 
such effects may be nonexistent or negligible or they may be slgnif leant, and 
more research on the question is needed (3). At some expense, possibly signifi- 
cant, the magnetic field intensity outside the reactor building could be reduced 
by means of shielding with magnetic materials or partial cancellation with addi- 
tional magnets arranged for this purpose. 

Accidents 

The risk from accidents at nuclear facilities is the Integral or sum, over 
all possible accidents, of the probability of occurence times the consequences 
of these accidents, As the debate over fission power has shown, significant 
uncertainties and even controversies attend every step uf the assessment of 
this risk: the identification of the possitle accidents, the estimation of 
their probabilities, and the evaluation of the potential damages. Since there 
is no operating experience nor even a firm engineering design for fusion power 
plants, the difficulty of accident analysis is even greater than is the case 
for fission. At most one can identify some potential problem areas, estimate 
very roughly the consequences of hypothetical events, and make some crude 
comparisons with fiss'on. 



Relevant to the Identification of possible accident* and assessment of 

their probabilities arc the amounts of stored enerqy in various parts of 

fusion reactor systems and the oathwavs potential)* available for the release 
of such energy. 

The amounts of energy stored in a Tokamak reactor based on recent con- 
ceptual designs are sunriariiod in Table 3. 

Rapid release of the nuclear energy represented by the fuel contained in 
the plasma at any given ti-e seems exceedingly unlikely on the basis of present 
knowledge of plasma behavior. It is conceivable that malfunctions could produce 
a temporary increase in reaction rate by virtue of increased temperature or 
magnetic field* but the delicate balance of conditions required for plasma con- 
tainment means that the end result of any departures from norrral operating con- 
ditions would be rapid quenching of the reaction due to loss of plasma to tne 
walls. If somehow the entire quantity of fuel in the plasma did react* the 
less than hundred gigajoules evolved would raise the blanket temperature only 
about 100°C (6). 

The kinetic enerqy of the hot plasma is about two orders of rraanitude 
smaller than the potential nuclear energy. If on instability were to cause 
the entire 1 hot plasma to be deposited on a small section of the vacuum wall, 
a local bu r n-through could result (3, 6J. 5uch an event would naturally be 
disruptive and expensive for the operators of the reactor, but it could only 
produce serious external consequences if it led to a major lithium fire, as 
discussed below. 

A ypry substantial ouantitv of energy, hundreds of niqdioules* is stared 
in the superconducting magnets that confine the fusion plasma. Concern is 
sometimes expressed mat tho sudden release of this energy owing to a magnet 
transition from the superconduct < ng to the normal st£tO would represent an 
invariant accident pathway for fusion reactors, and considerable analysis of 
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the question has been done. !t seems a relatively straightforward matter, 
however, to design rragnets incorporating normal conductors as alternate 
current paths* along with adequate energy sinks for the associated joule 
heating, in such a way that an explosive energy release from a magnet "going 
normal" is precluded (21). 

It will remain true, of course, mat large superconducting magnets in 
operation are subject to very large forces ton the order of 1C* 5 tons), so 
that catastrophic structural failure perhaps cannot he entirely ruled out. 

Such a failure could produce energetic missiles* raising the possibility of 
severe damage to other reactor components „ penetration of containment structures, 
and initiation of lithium fires. 

Energetic missiles* with these same possible consequences, ecu Id also 
produced by sudden vacuum- system failure, by helium overpressure in the magnet 
cooling System, by 'externa 1" events such as earthquakes , tornados, air* raft 
impact and sabotage* and of course by combi nations of these pathways 

An important accident pathway for dll nuclear systems Is In** of voo'mt 
loss of coolant flow. Calculations made for the UfcMAK 1 fotanvifc ^onceutudl 
design indicate that complete loss of coolant flow during thermonuclear burn, 
accompanied by failure to shut down the fusion reaction, would cause the first 
wall to reach a temperature of h00°t ,r\ about 111 seconds; embri It !en*nt from 
formation of helium bubbles in the H'tdl. which occurs around 6Sfl u t „ could 
then lead to failure of the wall, release of lithium into the vacuum rham|*«r, 
and consequent quenching of the fusion reaction (3, 10). I ike so many other 
fusion accident pathways considered here* this one would be disruptive and 
expensive* but not catastrophic unless se<or\rtary events produced a major fin* 
and/or breach of containment. 

Loss of the coolant itself (as opposed to mere loss of flow), as could 
occur owing to pipe breaks, would produce the same result as loss of flow 



somewhat lore rapidly. again assuming that the ‘osipri reac t inn were noi hth'Ou 
atoly shut down. If . on the otner hand, the reaction ' s shut down, the concern 
becomes the radioactive afturheat that results from a tlvutinri products in the 
first nail. The initial df;crhoat power densities in the first wall at shutdown 
fdl 1 in the range of 0 f i to ] ; n/<tr? for the main alternative structural materials 
[27). and the inttijl adiabatu temperature rise in a To* amah system has been 
calculated to be on the order of (Kl°C/sec (101- These values are more than an 
order of fsagnitude 1 Ower thjn the corresponding figures for fission fuel* and 

they suggest that heat rv?\\ v a \ by radiation, conclus t ivm and 'iatur,>t tomes t sen 
wiil suffice to prevent nr It mg of thr wall 

The largest source o 4 stored energy in fusion reactor designs relying on 
liquid lithium for cooling and breeding of tritium is the c henna I energy 
re: resented by the lithium itself, and for vuch risu tors a lithium fire -- 
whether initiated by internal or external events -- nwy well represent the 
"maximum hypothetical accident”, lithium reacts vigpro\isly and riot hemic a 11 y 
both with air and with water; \\l+ sods urn. it reacts aKo with com rote l actually* 
with the water liberated fron concrete hy endoihermu dehydration' Although 
the Kinetus of these n i ,ji t ions are not wet l established e*|irr imenta 1 1 y , taliu’j- 
ten *TU*tmum t lams' te*»prr,i tur es for both th*‘ lithium-air and 1 i th l ur-i oru *’ete 
reactions .ir* in the range f>f . ,*ton to i ??). ’hrsr temperatures «tre 

below the melting points of r<«fr h tor,- ratals, such as niobiuf and VM (titanium- 
/ in or< run .mol ybdemim} , that might be used in fusion realtor %£rui lures, but 
above the melting points of other pntentsAl stem tor a 1 nal eviM s \,»h as series 
i()0 stateless steels. The refr«i lory metals, although they would not ri?lt. 

; ou K? tw 1 rather rapidly tousce^d at such temperatures bv format fern and yoldtili* 
/idion of their oiides (iV). l he high tempera tines and large energy releases 
potent ia lly associated with lithium fires therefore puse the tuff* edged possibility 
of (a) breathing multiple runtamment barriers between the realtor core and the 



public and (b) augmenting the volatile tritium inventory that could escape 
through such breaks by converting activation products and toxic npnradtooi li ve 
metals to volatile form- 

The value of increasingly detailed safety analyses at the early stages 
of design, of course, is that the designs can then evolve to cope with the 
most serious accident pathways that are identified. Ihe apparent flexibility 
Of fusion in this respect is considerable, especially suite passive systems 
seem capable of handling most if not all of the stored energy sources. The 
use of liquid lithium as a Coolant and breeding medium for f r r I >u*>, which 
produces the largest stored -energy threat in many fusion reactor designs, 
has of course been questioned* Unfortunately , the alternatives are not without 
their own difficulties. Use of helium as a coolant tn conjunction with breed- 
ing in lithium solids, for example, virtually requires the us#* of her,l'iur as 
a neutron multiplier; this material is 'rxtremcly toxic, thus product in; addi- 
tional threats to occupational and public health, and it is scarce end *<i pensive 
Use of f lourlne- 1 i thium-beryli 1u^* molten Salt (Hihe) as an alternative vaolant 
and breeding material, on the other hand, loads tn materia l w c»pat ibi 1 i tv 
problems and to the production of a particularly d.nueruuv for-' i>f nyrtref lour 1i 
acid (wherein the hydrogen is tritium and the flour me /-hour half life 
flourine-18}. Clearly, much additional work will be required to determine 
how much the apparent flexibility of fusion with respect to coolant and breed- 
ing media can actually be exploited to maxir.we safety. 

Notwithstanding the posslbiltty of making the frequency of Occidents very 
low, it is important to understand the consequences that could u« t ur in the 
most severe events (including acts of war. sabotage, natural disasters, and 
accidents that exceed the design tapabilities of the system, . an initial 
step in such a “worst -case' 1 analysis, ! have used esM-nt i al 1 ? the uvnsrgurhce 
'node I of the Reactor Safety ^tudy (MSS; of the . l , Wleai 1 y e*pil itor , < r r*r t s S l x 



{?!) to estimate the ’‘critical dose' to bone it*irrow re*u I 1 irit) from 

■> 

a relej>e of U) cuMes of IfUlur- oj tde under odvcrst ■neteoroloq it a l comli t ions . 
The critical dose, as the concept is used In the means .\ \ \ the dost* received 

in the first eight (lays and half the dose received frtyr the eighth through the 
thirtieth day, it IS said to be the most relevant figure for es tinkiting the 
incidence of early fatalities and* to sow eilent, early injuries. One hundred 
megac grips represents 40 percent of the Iritlun inventory considered in Table * 
Whether the fe lease of so large a quantity of tritium at one time 1 , and a 11 as 
the >>%»,)♦•, »% actually credible is debatable, but it provides a basis for compar- 
ison *1th calculated f ission«reat tor accidents releasing a sum l dr (percentage 
of rwriy of the fission products, figure 1 shows the critical dose to o,rio marrow 
plotted versus area over which a given dose is exceeded for tne 10 (. \ »U(? release 
and for the f i ss ion- reac t or acc idcni, denoted l*WV*l *n the P'*S. releases 

>•0 percent of trie cesiums, » <l hU^, t and tellurium, J) percent of the iodines, 

'*) percent of the noble gases, '> percent of the strontiums and h.3 r 1 uirr% , and 
J . '* percent uf the actinides in a \ ^W<* CWV with core bur nop averaging l/.bOti 
K’wd pc*f Tt»tri< (on The t-iaJpIs and j%surg*t i :>n\ were uSed ih tali uniting 

both rases gauss i an "fedrl as in ^ *. S , wit 1 * !,■* tiding waie effects !*>f si, 

thermal plu~e rise, ground * l eve 1 release. PaSguil', 1 atcv^Spneru stability wit* 

1 .(> m/% rran wind, dr § deposition vr'-jfit/ u # \ m/%. A* ran !a> seen fror 
the fi;ure. the fissn.n release Jp]i*i-r% ;»e ii t [ S.. » rm .Impend teg 

on assumptions about rdvn' nl rexpi .d 1 .nr, over jn area f '. u gM <■ 1; , 

the release v«er 1 *^ 4 , At a p< pula! ion density of W. per %< us • i*’ , 

these results *. or respond • vr f roughly to the order of IdfVi ear*, deaths in the 
fission re lei si' and |‘i r«jr) r ’heaths m in*. f^su»n » , r au'.i 1 I* ♦ 1 ew r*f the M’li 


jn». vf t .t in 1 1 1 i*s that pi ago*' t * a i Jale . 1 ! lu' 

wit* these r sorts 0 # r<‘-Vls /4 , the m ij* T .,1 left 

reiJtlve h # -|hmS 4 1 !■ t< r ‘ * about 1 ' J' ’ lr> ^ ■-*.*- rf 4 
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A few further qua li f tea t ions are in order. first* release of ').*■ percent 
of the actinides in the fission-reactor accident considered in US' made a very 
small fractional contribution to the calculated earl/ fatalities hut a large 
fractional contribution to calculated long-term cancer incidence J, Ch. 13). 

This result suggests that to* parison of long-term casualties frc» 'issirtn ami 
fusion releases (which I have not yet done)* might snow a larger uivantagr to 
fusion than the factor of 100 computed here for earl/ fatalities. Second, the 
release fractions used in the present comparison could be unrealistic in several 
ways. Tritium inventories In fusion reactors might he rvdiurd h v • lever designs* 
reducing the conceivable consequences of a worst-case release. Hut, if <»r ? 
significant fraction of fusion activation products could bo released in an oi » i * 
dent, the calculated consequences could be worse than given here for tritiur alone 
(This is reasonably clear from the BMPs in "able 2.) if acttnfdr releases in l hi JW 
accidents could be greater than the RSS assumed for LKfts, this* too* could mange 
the comparison. These natters need further *nvo’ ' Ration. 

Radioactive Hastes 

The presence of activation products of long half-life means that fusion 
will not be entirely free of the problem of radioactive-waste management , with 
which the fission power community has long been struggling. 1 he major advantages 
that have been claimed for fusion with respect to radioactive wastes art*: (a) 
the flexibility to tailor the design and the choice of structural material* 
exposed to neutrons wtti. the aim of minimizing production of long-1>v*'rt activa- 
tion products (to be contrasted with the cast of fission, where the s 4 /e and 
characlpr of the waste burden Is largely determined by tee unchangeable ph/sl<s 
of the fission process itself)* and 1b) the inrnotr. 1 i 2 al .on of the activated 
isiter tal tg the Solid structure of components made of refractor/ alloys (reduc* 
ing tn? chance of escape into the environment). It Is possible, however* *‘.at 



flexibility in c**oiu ,# . will j<rn#z 1 < of Ira*.? for \iy*' l i“h- 

to ^-! . if neutron damage, los* o* stontt* a* temper*. - 

toreS. f abr K abl 1l ty * wHdabi I i tf , and so Or are ne! .oU^d for the low-iUt*- 
vat ion materials. Whether act* vat inn products m Kn * eat tor strut lures 
will prowv less labile than fUMftr, products t*Jt * w t encoded for d ; «. . 
poS4 I in 4 UTjmii, rvitrii; n , « k *nn\ to be verified l n detail. i There stem to t** 
u,ml urn <'rtii»ftOi.'i t ■ both cases ; for Kti.-.itrd factor strut tures (hot 
dt> not have to t>e reprucr'* rC^ :n v,r» s\ arcv rvatrnals ,\\y he » r»t?tiMs t r0 
with fission breeders , whose e* orionit ^i<K>iliu r*%,j.T ( *s 'uel n*prou>sMm] j , 

the smaller niM>d tn nandle th« radioactive Rviti* r *.il win ;»e a r, advantage 

T a(\| e 4 shows the BkP\ with te ft 1 rente to h'lojsot to wAter for r art i oAc t i v v 
wastes from d Tnkamat fusion realtor and an \ Kf KK , no'Thii? l /n<1 to I iiWc-c"* of 
electricity production 'hr main *t natural MtiTi.il *n fhe fusion realtor is 
i I f • stainless steel* No credit is :ak?*n in fne L MT 1 1/ f/>r rm yt Mn<* of actinides 
other than uranium and plutonium. fusion has an advantage in »his comparison 
that vaMrs between ) and orders i>f magnitude dun no the span of { rmr out 
to IflO yvv r ‘*. Between 1(100 and h 1 ,000 /ears fusion and fission do not differ 
Significantly, hut after !fni,0flfl years fusion’s mat i'n increases again, )i 
Viinad Him* t t tan i utt alloy can he used in plate of Jib stainless steel in the 
fusion reactor, one gains ao add 1 1 1 nna 1 fa tor of ldOO reduction in the BHP 
'jy JO years, and t>> 100 years the Mlrru’. is innocuous (less radioactive than 
average rock). Ihis advantage nf V-n in deiay ti^» i is *o lug that it r^st be 
considered qualitative, and no ether lew*ai 1 1 v.> 1 1 on i .* nhdate nsiterial loses 
>\\ hazard as rapidly Whether tf-Ti < an wet the other demanding requi renvois 
ol fusion application therefore deserves the closest nitiny* 
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Misuse of rue 1 ear jwteri ajjs 

The advent of cormercial fission power and the associated l.icrr »e (both 
real and forecasted) in accessibility of plutonium and enriched uranium has 
engendered considerable concern about the povsible misuse of these materials 
as weapons. Tn understand whether fusion power will have any analogous liabil- 
ities, it ;s important to clarify several aspects of the general threat by 
distinguishing (a) production of weapons by governments versus production by 
subnational groups, and (b) explosive weapons versus radlclugUa 1 weapons. 

Lack of suitable fissile materials and the difficulty of getting them 
have been major factors in limiting the interna t Iona l spread uf fiss urn bombs, 
the knowledge of now to produce a fission bomb once the material is in hand has 
been more accessible than the material itself and this means that the 

spread of material (or the technology for getting it) as a icmsequerne of the 
spread of fission power has changed the situation in a qua) native way. but 
fusion bombs are more difficult to construct than are 'issmiti bombs, so 
so that obtaining the fusion fuels (say, tritium) is, relative to the fission 
case, only a small part of the task (?}. Hence the spread of tritium t>v fusion 
power presumably does not contribute much to the spread of fusion pomps. 

There is a cross-connection between fusion and fission, however* the neutrons 
produced by fusion reactors could be used to product* fissile material for fits ion 
bombs, This cannot be done without the consent ana extensive coopvrat ion of the 
operators of the fusion reactor, so it is a problem at t ,? level of undesirable 
activity by governments or very large corporations, not Smaller groups 

Tritium could be used as a radiological weapon by terrorists or gangsters 
who acquired it, just os plutonium from fission fuel cvcles could be used. 



Slime of the data required to assess the relative magrn .ode 4 * u i thes.® 4 hr**<*ts 
are MinHiirWeJ in ^alU* b. the *4Pts i*or plutonium isotopes +•' tuKh 1g*er 
than that of tritium (n*.>4Su r vt1 as Ci/rtJ], hut the specific < 1 1 - . . v 1 1 y of tritium 
[Ci/gr-jro) is rnucn higher than for plutonium. The resuM is that the iPl^s 
as sou i a ted with the inventory per (>Ue or Mow per f,Ue of tritium afni 

rea<_ tor-grade plutonium wor> out as fellows tritium is less dangerous than 
plutonium by / to h orders of rugnitude with respect to < untami im 1 1 en of <t«r, 
hut the two are appro* lately egudl r‘tri respect tu c ontaminat iufi uf water. 

Some degree of consensus appears to be emerging that the HlH s for plutonium 
are too high by 4 fistor gf h to I'.i lift -1 relative Sense, the 1 ompnr 1 son 
be IT j in this < use with radium^ I /h J , anti titerr is sm* reason to think the 
MKs for tritium rr^iy be too low fat tors of ,* to ^ f see dn<i.\sioh above’. 

|’u orporat «nh of SvJLh SO r no M 0" # aitor\, 1* are validated, would cringe 
the foregoing co’^iri cun to "wife tritium m'Ss Jongrrous th*in ; lutoniu* t*y one 
aeder nf magfU\udv mth respect td miita* n%ot 1 a*' of water M*t to give 
hi advantage of j to t orders o* vignitude wit* respect to < o'* ‘.rrmat ip’i of air. 
] n terms of potential iiui’S' to * f v mater 14' !, <* ^\i!r fat. tors . *-as ar. 

advantage liriipjSe 'here »S fin fn-ej to tr-pr.sppr* frlfigr beyond thj! t.t i‘> 1 ed 


fur initial inventories i#f lew 
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Ad v<3 need f uel, cj^cJ 

Fusion reactions other than D- - * require higher reactant i-tinr.j»c* anil 

better conf^netmjnt to achirve energy breakeven. If advance- rt techno k>qy ^rr^.ts 

attainment of the needed cm.Ji Uons . these «<irv difficult reatti could 
important env i ronmenta \ advantages. Of the advanced r^t tmv. * tm 1 iding ’Mi 0 , 
D-D t 0-He^, and tnt? k^ast difficult iv D-li* The T'-O ‘‘".Htiw «hjm 

(which includes D-T and O-Me^ reactions an the 1 arid Me* r*rcnlu< <M r, hm» *win 
products of U-D) produces fewer and less erierget u neutrons than pure : ♦ 

although the neutron activation does not fall as mm n as one -noM % , (nut - 

by 15 to 75 percent, depending on th*> structural ^alrria? (</«/“-. 'Vrha,'. •hr 
greatest advantage of the 0-0 cvctc is that it would remove the nwessitv ! *> 
use neutrons to breed tritium from IttfcMjn. This rrvans that the ifimidoiit^ 

Of the equipment surrounding the plasma could be * oris lderahl y r~diifiwj, and the 
array of candidate mater id Is for use there would be broadened by relaxation M 
the neutron -economy constraints present when tritium must t*e bred '»«■ total 
tritium inventory in the rc-Klgr could be reduced below that in «M iea< tors 
by a factor of perhaps 3 to 10 (?K). Other ''V*c'vd rtMi turns nave thv 
for greater reductions in neutron activat*' - and tritium inventi -y, particularly 
in ‘two -component" systems where the rates of the neutron* f rt»e react ions can 
be enhanced by tailoring the energy distributions of the different reactants. 

It is problematical whether conHnofncnt technology will ever he gnud enough 
to make these reactions practical, however. 
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Notes 

1. Much of the Information upon which this analysis i r based was assembled as 
part of a workshop on environmental characteristics of fission and fusion 
carried out In 1975 and 1976 under the auspices of the Internationa? Institute 
for Applied Systems Analysis. The principal participants included the author, 
G. L. Kulcinski (University of Wisconsin), G. Kessler (Kernforschungszentrum 
Karlsruhe), and W. Haefele (I . l.A.S.A.) . The complete output of this work- 
shop* including some contributions by Soviet scientists not available at this 
writing, will be published as an I. l.A.S.A, report. The responsibility for 
the present formulation is the author's. 
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Table 1 

Ra dioocti ye_ J nven tones o f F1 s s_jon a rd f u s 1_on Re actor s 
Megacuries per GWe (2,5 GWt) versus time after shutdown 



LMFBR 

31 65S 

V-T1 


Fission 

Fusion 

Fusion 

at shutdown 

fission products/tritium 

11,200 

250 

25C 

structural activation 

100 

2700 

3100 

coolant activation 3 

110 

<75 b 

,r J 

<75 

actinides 

4000 


-- 

10 A sec (2*77 h) after shutdown 

fission products/tri tium 

5,200 

250 

250 

structural activation 

83 

1500 

L 

150 

1 

coolant activation 

96 

'■.60 b 

<60 b 

actinides 

1800 



1 day artor shutdown 

fission products/trltium 

2,900 

250 

250 

structural activation 

70 

1200 

130 

coolant activation 

37 

<50 b 

<SQ fc 

actinides 

1400 


-- 

30 days after shutdown 

fission products/tritium 

920 

250 

250 

structural activation 

53 

8G0 

A 

11 

L 

coolant activation 

1 

^4 cr 

'AO 

actinides 

70 

-- 



^Assumes pool-tvpe LMFBR and liquid Li coolant in CTRv Loop-type LHFBR has 4-fold 
smaller coolant activation. Helium cooled CTR has negligible coolant activation 
1 sec after shutdown* 

detailed calculations for fusion coolant activation not complete. 

Source: IJA5A Workshop (see Note 1). 
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Table 2 

Comparison of Biolo gica l Hazard Potentials with Reference to 
Accidental Releases to Air . Million cubic kilometers of air 
per GWe (2.5 GWt) versus time after shutdown. 



LMFBR 

Fission 

316$$ 

Fusion 

v-n 

Fusion 

at shutdown 

FP/tritlum 

:-29CO a 

1.25 

1.25 

structural activation 

56 

390 

65 

coolant activation 

26 

NA 

HA 

actinides 

13,500 


-- 

50^ sec (2*7? h) after shutdown 

f?/tr \ tlum 

2700 

1.25 

1.25 

structural activation 

55 

3h0 

45 

coolant activation 

24 

NA 

NA 

actinides 

13,400 

09 — * 

-- 

1 day after shutdown 

FP/tr Ilium 

2300 

1.25 

1.25 

structural activation 

54 

370 

3 h 

coolant activation 

12 

NA 

HA 

actinides 

13.J00 

** 44 

-- 

30 days after shutdown 

FP/trltlum 

1100 

1.25 

1.25 

structural activation 

47 

200 

15 

coolant activation 

5 

NA 

HA 

actinides 

13,200 

■n *» 

-- 


NA - not available 

a 35 Isotopes (omits much short half-life activity) 
Sourer; UA5A Workshop 



Table 3 


5ture d Energy in a 1 Gtie To kam ok f usion factor 
0 significant figure) 


Energy Form 

Gi qd Joules 

Chemical energy in liquid lithium 

64) ,000 

Magnetic field energy 

300 

Complete fusion of fuel In plasma 

70 

Pressure-volume work in vacuum 

20 

Kinetic energy in plasma 

< 1 


Sources: 6,10 





Table 4 

Biological Hazard Potentials of Loncj-Lived Wastes 
with Reference to Releases to Wate r. Cubic kilometers 
of water per GWe-yr versus time after shutdown. 



Fusion 

3165S 

activation 

LMFBfi 

fission 

products 

LMFBR 

actinides 

1 year 

1400 

10,000 

100 

10 years 

49 

3600. 

28 

30 years 

9.0 

2100. 

24 

100 years 

Z.7 

330. 

20 

1000 years 

1.1 

0.020 

4.7 

10000 years 

0.9 

0.018 

0.62 



of plutonium and uranium and 100% 


of other actinides from discharged fuel 




Source: 1IA5A Workshop 



Table S, Radiologica l Hazard* of Plutonium and Tritium (Quantities 
normalized where appropriate to 1 GWe of capacity) 


Plutonium Tritium 


Inventory outside blanket (kg) 

900 

25 

Annuel flow outside reactor (kg} 

1500 

32 a 

MPC , (Ci/km 3 ) 

■sir n-iq 

--Insoluble ^ Pu, HT or gas 

0.001 

40.000 

--soluble ***, HTO vapor 

0.00006 

200 

3 

BHP (km of air) per gram of: 



239 

--pure Pu, elemental T 

63 to 1000 

0.25 

--reactor Pu^, T In HTO 

300 to 5000 

50 

BHP/&VJe-yr c (10® km^ of air par year) 



--best case rf 

450 

0.000 

--worst case 0 

7500 

1.6 

BHP/GWe f flO 6 kr„" of air) 



—best case 11 

270 

0.006 

—worst case® 

4500 

1.25 

HPC (Cl /km 3 fgr soluble forms) 

Wd i0r 

5000 

3,000,000 

BHP (mf* of water) per gram of; 

A A «V 



239 

--pure Pu in soluble compound 

12,500 


— reactor Pu In soluble compound 
—pure T In HTO 

62,500 

3,300,000 

BHP/GWe-yr (km of water per year) 

94 

110 

BKP/GWe f (km 3 of water) 

56 

63 


a. fct breeding ratio * 1.25. 

b. Contains Pu~23fl, 239, 240,241 ,242. 

c. Based on flow outside reactor. 

d« Reactor-grade Pu dispersed In insoluble form, tritium dispersed as T gas. 
e. Reactor-grade Pu dispersed in soluble form, tritium dispersed as M10 vapor, 
f\ Based on inventories outside blankets. 
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Flgure 1 


CRITICAL DOSE TO BONE MARROW VS AREA FOR 
HYPOTHETICAL FISSION AND FUSION ACCIDENTS 




